Artificial neural network based computational model for the prediction of direct solar radiation in Indian zone J. Renewable Sustainable Energy 4, 063146 (2012) In this study, calibration and validation data sets from 2001 to 2005 and 2006 to 2010, respectively, were used to develop various Angstr€ om-Prescott models: A five-year model and five-year dry and wet seasonal models to calculate monthly average daily global solar radiation on a horizontal surface and twelve monthly models to estimate average daily global solar radiation on a horizontal surface. Also, ten yearly models were developed for each year in the period 2001-2010. The regression coefficients ða; bÞ for the five-year, dry season, and wet season models were found to be (0.21, 0.38), (0.21, 0.38), and (0.27, 0.28), respectively. For the twelve monthly models, a and b varied over the ranges 0.19-0.37 and 0.14-0.42, respectively. For the ten yearly models, a and b varied over the ranges 0.15-0.31 and 0.22-0.48, respectively. The regression coefficients of the twelve monthly models yielded a linear relationship between b and a over a one-year time scale. Similarly, the ten yearly models also yielded a linear relationship between b and a over a ten-year time scale. For all the models, measured and calculated daily global solar radiation were compared by calculating the mean bias error, mean percentage error, root mean square error, correlation coefficient, Nash-Sutcliffe efficiency, and p-values based on t-statistics. Good agreement was found between the measured and calculated values and hence these models can be used in Trinidad. The single five-year model was found to be adequate in modelling the dry and wet seasons. Using the full data set, 2001-2010, the average daily global solar radiation, average total global solar radiation, average daily number of sunshine hours, and average total number of sunshine hours were determined to be 16: 
In this study, calibration and validation data sets from 2001 to 2005 and 2006 to 2010, respectively, were used to develop various Angstr€ om-Prescott models: A five-year model and five-year dry and wet seasonal models to calculate monthly average daily global solar radiation on a horizontal surface and twelve monthly models to estimate average daily global solar radiation on a horizontal surface. Also, ten yearly models were developed for each year in the period 2001-2010. The regression coefficients ða; bÞ for the five-year, dry season, and wet season models were found to be (0.21, 0.38), (0.21, 0.38), and (0.27, 0.28), respectively. For the twelve monthly models, a and b varied over the ranges 0.19-0.37 and 0.14-0.42, respectively. For the ten yearly models, a and b varied over the ranges 0.15-0.31 and 0.22-0.48, respectively. The regression coefficients of the twelve monthly models yielded a linear relationship between b and a over a one-year time scale. Similarly, the ten yearly models also yielded a linear relationship between b and a over a ten-year time scale. For all the models, measured and calculated daily global solar radiation were compared by calculating the mean bias error, mean percentage error, root mean square error, correlation coefficient, Nash-Sutcliffe efficiency, and p-values based on t-statistics. Good agreement was found between the measured and calculated values and hence these models can be used in Trinidad. The single five-year model was found to be adequate in modelling the dry and wet seasons. Using the full data set, 2001-2010, the average daily global solar radiation, average total global solar radiation, average daily number of sunshine hours, and average total number of sunshine hours were determined to be 16 2 while Tobago, the smaller of the two islands, has an area of 303 km 2 . The islands experience two seasonal climates due to their location, namely, the Tropical Maritime or dry season, which occurs from January to May followed by the Modified Moist Equatorial or wet season, which occurs from June to December. Trinidad has average minimum and maximum temperatures of 22.7 C and 31.3 C, respectively. The mean annual rainfall ranges from a minimum of 1500 mm to a maximum of 3500 mm with most rainfall occurring during the months June-November.
Trinidad and Tobago is the leading producer of oil in the Caribbean and is considered to be one of the most industrialized nations in this region. The country's oil reserves are decreasing and environmental pollution is increasing due to industrialization. The abundance of sunshine and hence global solar radiation in Trinidad and Tobago facilitates the implementation of solar energy technologies thereby reducing the use of fossil fuels for the generation of electricity and hence the country's carbon footprint.
Global solar radiation data are used in many applications such as: photovoltaic systems (PV) design, solar thermal systems design, crop growth models, buildings design, and thermal comfort studies. For example, Markvart et al.
1 used observed time series of solar radiation to construct a sizing curve to size a PV system in London. Martin et al.
2 used time-series forecasting to predict daily global solar radiation for energy production planning in solar thermal power plants. De Jong and Stewart 3 utilized global solar radiation data in crop growth models to estimate the daily plant growth and crop yields. In buildings design research, Catalina et al. 4 developed a regression model to predict the monthly heating energy demands in residential buildings for temperate climates. In this case, the monthly average global solar radiation data on a horizontal surface was used in the calculation of the climate coefficient, which is a parameter in their energy prediction model. In the study of thermal comfort, La Gennusa et al.
5 used the Fanger model to evaluate how a person's thermal balance is affected by solar radiation entering a thermally moderate indoor environment.
While global solar radiation data is important for numerous applications, in many developing countries, solar radiation data is not always available. Therefore, global solar radiation is estimated using more readily available climatological and meteorological parameters. For example, Bindi and Miglietta 6 used daily maximum and minimum temperature and total daily rainfall from eleven countries to estimate daily global solar radiation. Almorox et al. 7 used temperature and saturation vapor pressure data to estimate daily global solar radiation in Spain. Korachagaon and Bapat 8 used the generalized Iranna-Bapat's model to predict global solar radiation at any location based on temperature, wind speed, humidity, and moisture. El-Sebaii et al. 9 developed correlations between monthly average daily global solar radiation on a horizontal surface and number of bright sunshine hours, mean daily ambient temperature, cloud cover, relative humidity, and maximum and minimum ambient temperature for Jeddah, Saudi Arabia. Duzen and Aydin, 10 Liu et al., 11 Wong and Chow, 12 and Bakirci 13 used the number of bright sunshine hours to estimate the monthly average daily global solar radiation on a horizontal surface by using the Angstr€ omPrescott model. 14 Chegaar and Chibani 15 used two models to calculate global solar radiation for different Algerian locations. The first model uses sunshine duration and noon solar altitude while the second one is the Angstr€ om-Prescott model. Other methods for predicting global solar radiation include fuzzy logic, 16, 17 neural networks, 18, 19 and stochastic 20, 21 modelling. With respect to Trinidad, Smith 22 determined the Angstr€ om-Prescott equation for monthly average daily global solar radiation on a horizontal surface for Trinidad using data over approximately one year, 1951. The regression coefficients ða; bÞ were found to be (0.27, 0.49). In this paper, a comprehensive study to develop various Angstr€ om-Prescott models over different time scales is undertaken using data over and validation data sets from 2001 to 2005 and 2006 to 2010, respectively, were used to develop and evaluate certain models for global solar radiation on a horizontal surface. The objectives are to determine: (i) a five-year model and five-year dry and wet seasonal models to calculate monthly average daily global solar radiation using the calibration and validation data sets; (ii) ten yearly models from 2001 to 2010, to establish the relationship between b and a over a ten-year time scale; (iii) twelve monthly models to estimate average daily global solar radiation using the calibration and validation data sets as well as to establish the relationship between b and a over a one-year time scale; and (iv) the average daily global solar radiation, average total global solar radiation, average daily number of sunshine hours, and average total number of sunshine hours for the dry season, wet season, and whole year, respectively, using the full data set.
For the aforementioned models in (i), (ii), and (iii), measured and calculated daily global solar radiation were compared by calculating the mean bias error (MBE), mean percentage error (MPE), root mean square error (RMSE), correlation coefficient (r), Nash-Sutcliffe efficiency (NSE), and p-values based on t-statistics.
This study will contribute significantly to solar energy applications and in particular, enable photovoltaic and hybrid solar-wind systems to be designed more efficiently and economically in Trinidad. In addition, energy-efficient building designs can be developed that optimize human thermal comfort thereby mitigating against sick-building syndrome. In the sphere of agriculture, where there is a thrust towards achieving food-security and self-sufficiency, this study can be used in crop growth models to predict and optimize crop yields as well as in thermal comfort studies for livestock productivity. These applications, if implemented, would reduce Trinidad's fossil fuel dependence and carbon footprint. 
where H o is the theoretical average extraterrestrial radiation, H is the measured average global solar radiation, N is the theoretical average number of sunshine hours per clear day, n is the measured average number of sunshine hours per day for direct solar radiation exceeding 120 W m
À2
, and a; b are the regression coefficients. In this paper, the averages considered are monthly average daily and average daily. The former is calculated by averaging daily values over a given month. The latter is calculated by averaging a daily value over a number of years; for example, global solar radiation for January 1st over 5 years.
The daily extraterrestrial radiation, H o , in J m À2 day À1 on a horizontal surface is given by (Duffie and Beckman
where I sc is the solar constant (1367 W/m 2 ), u is the latitude of the location, d is the sun declination angle, and x s is the sunset hour angle, all expressed in degrees. The following equations (Sen 25 ) define d and x s as:
where x is the day of the year; for example, January 1st means x ¼ 1 and
The theoretical number of sunshine hours per clear day, N, can be calculated using the equation,
B. Statistical test parameters
To determine how well the measured and calculated values agree with each other, six statistical test parameters are considered in this analysis. These include MBE (MJ m À2 day À1 ),
), r, NSE, and p-values from t-statistics. For better agreement between calculated and measured values, MBE, MPE, and RMSE lie closer to zero while for greater correlation, r is closer to 1. The RMSE is a measure of the short term accuracy of the model while MBE and MPE are measures of its long term accuracy. RMSE ! 0 and has an ideal value of 0. It gives a good measure of the accuracy of the calculated values. For an MBE > 0 or MBE < 0, the calculated value is overestimated or underestimated,
respectively. An MBE ¼ 0 means that the calculated values are very good estimates of the measured values. The correlation coefficient r is a statistical measure of how calculated and measured values vary in relation to each other and is defined as the ratio of the covariance to the product of the standard deviations of the measured and calculated values and ranges over À1 r 1 : Greater correlation and anti-correlation between calculated and measured values occur for r closer to 1 and r closer to À1, respectively. The NSE is defined as one minus the sum of the squared differences between the calculated and measured values normalized by the variance of the measured values and ranges over À1 NSE 1. For NSE < 0, the mean of the measured data is a better predictor than the model while for NSE > 0 the model is the better predictor. The efficiency of the model improves as NSE approaches 1. The p-value indicates whether the difference between the means of the measured and calculated values is statistically significant at a given confidence level. For example, a two-tailed test at 0.05 level of significance means that if p > 0:05, the model is accepted as valid but if p < 0:05, the model is rejected with a 5% chance that it is indeed valid.
The following variables and statistical test parameters are defined as: H i;calc ¼ ith calculated value of average global solar radiation, H i;meas ¼ ith measured value of average global solar radiation,
Probability values or p-values were calculated by applying t-statistics assuming a two-tailed test at a 95% confidence level and unequal variances of the calculated and measured global solar radiation data. All analyses utilized data that were subjected to quality control using the following criteria:
(i) Days with both global solar radiation and sunshine hours data were used to calculate averages.
Days where global solar radiation was less than extraterrestrial solar radiation were used to calculate averages. (iii) Days where the number of sunshine hours was less than the theoretical maximum number of sunshine hours were used to calculate averages.
All data provided, satisfied criteria (ii) and (iii).
By applying quality control, the total number of measured daily global solar radiation data points available was 3447 which equaled the corresponding number of measured daily sunshine hour data points. Of these, the calibration data Plots of measured monthly average daily global solar radiation and number of sunshine hours against months of the year were generated. The average daily global solar radiation, average total global solar radiation, average daily number of sunshine hours, and average total number of sunshine hours were determined for the dry season, wet season, and whole year. Mathematical relationships between regression coefficients b and a were established by performing regression analysis on first the ten pairs of (b, a) from the yearly models of Subsection III C and second from the twelve pairs of (b, a) values from the monthly models of Subsection III D and the corresponding regressions lines plotted. The relationships were then compared to three published theoretical models applied to Trinidad.
IV. RESULTS AND DISCUSSION
A. The five-year Angstr € om-Prescott model
For the five-year model, the regression coefficients, a and b, for the Angstr€ om-Prescott model were determined to be 0.21 and 0.38, respectively. Hence, the Angstr€ om-Prescott model is given by The dry season, occurs from January to May and the wet season, from June to December. The regression coefficients, ða, bÞ for the dry season and wet season models were found to be (0.21, 0.38) and (0.27, 0.28), respectively.
Hence, the Angstr€ om-Prescott model for the dry season is given by
and that for the wet season is given by
It should be noted that the dry season model and the five-year model in Subsection IV A are identical to two decimal places. This implies that the dry season model effectively captures the yearly dependence of monthly average daily global solar radiation on average fraction of sunshine hours. With respect to the wet season model, the a coefficient is greater than that for the dry season model. This is due to the higher amount of diffuse radiation present on the cloudier days of the rainy season when n ¼ 0. In addition, the sum of the regression coefficients, a þ b, for the wet season is less than that for the dry season. This implies that on clear sky days, when n N ¼ 1, the total global radiation reaching the earth's surface is reduced in the wet season which is due to greater amounts of water vapor in the atmosphere at this time. Table II Table II and hence the five-year model is well suited to the dry season. Table III Comparing the ranges of the statistical test parameters in Tables II and III , it is observed that the dry season model performs better than the wet season model. Table IV shows the statistical test parameters for the five-year model (Subsection IV A) applied to the wet season. It should be noted that the statistical test parameters are similar to those obtained in Table III. In summary, there is no advantage in using seasonal models over the five-year model of Subsection IV A since the statistical test parameters of the five-year model applied to either season gives similar results to each seasonal model. . However, the average total global solar radiation for the dry season is less than that for the wet season by 0.76 GJ m À2 which is due to a longer wet season. The average daily number of sunshine hours for the dry season exceeds that of the wet season by 1.46 h day
À1
. However, the average total number of sunshine hours for the dry season is less than that for the wet season by 382 h again due to the longer wet season. Whole year averages are included for use in applications for which seasonal variation is not critical. The higher value of a in 2009 is due to a higher amount of diffuse radiation present on the cloudier days of that year when n ¼ 0. In addition, the sum of the regression coefficients, a þ b for 2009 is less than that for the other nine years which implies that on clear sky days, when n N ¼ 1, the total global radiation reaching the earth's surface is reduced probably due to greater amounts of water vapor in the atmosphere. to 0.37 and 0.14 to 0.42, respectively. September and December have higher values of a which as stated earlier may be due to higher amounts of diffuse radiation present on the cloudier days of those months. Figure 4 shows point plots and 1:1 lines for calculated versus measured average daily global solar radiation for each of twelve months based on the respective Angstr€ omPrescott model. Table VIII gives the regression coefficients a and b for the monthly Angstr€ om-Prescott models using data from 2001 to 2005. Further work on models for the regression coefficients as functions of clearness index, average fraction of sunshine hours, cloud cover, etc., can be undertaken to establish the differences in the variations of the coefficients in the dry and wet season. Table IX shows the calculated statistical test parameters for the Angstr€ om-Prescott model for each month using data over the period [2001] [2002] [2003] [2004] [2005] . Over the months, MBE values ranged from À0.676 to 0.490 with underestimation of the calculated values for six months (February, May, July, August, October, and November) and overestimation for the remaining six months but very good agreement between measured and calculated values for all months. MPE values were acceptable, ranging from À3.857% to 4.501% and RMSE ranged from 0.675 to 1.609. Good correlation was obtained for all months with r ranging from 0.726 to 0.951with February having the lowest correlation. NSE values ranged from 0.098 to 0.995 with February having the lowest efficiency. Since all NSE values are greater than zero, each monthly model is a better predictor than the mean of the corresponding measured values. The p-values ranged from 0.058 to 0.955 with February having the lowest p-value. The range indicates that the difference between the means of the measured and calculated values is not statistically significant at the 95% confidence level. The low NSE and p-values in Table IX can be attributed to the limited number of calibration years used in which only five data points from the five years were used to compute daily averages. It is expected that if larger calibration and validation data sets are used, the low NSE and p-values should improve significantly. Generally, the monthly models do provide good estimates of their corresponding measured values.
E. Linear relationships between the regression coefficients b and a Figure 5 is a plot showing the linear relationship between the regression coefficients b and a given in Table VI for the yearly models. The linear relationship is given as b ¼ À1:40a þ 0:67 with a correlation coefficient r ¼ À0.98. Figure 6 is a plot showing the linear relationship between the regression coefficients b and a given in Table VIII for the monthly models. The linear relationship obtained is b ¼ À1:52a þ 0:70 with a correlation coefficient r ¼ À0.97. Thus, both the yearly and monthly models yielded linear relationships between b and a with similar correlation coefficients close to À1. It should be noted that monthly models derived by using ten years (as opposed to five years) gives a linear relationship between b and a as b ¼ À1:43a þ 0:68 with r ¼ À0.97 which is in closer agreement with the linear relationship obtained from the ten yearly models. The difference between the linear relationships derived from the five-year monthly models and the ten-year monthly models is due to the different volume of data processed. Various researchers have provided separate theoretical relations for a and b in terms of geographical and/or meteorological parameters (Rietveld, 26 Gopinathan, 27 and Gopinathan 28 ). Rietveld gave separate relations for a and b in terms of average fraction of sunshine hours ð n N Þ. Gopinathan 27 provided separate relations for a and b in terms of altitude and average fraction of sunshine hours while Gopinathan 28 found a and b to be dependent on altitude, latitude, and average fraction of sunshine hours. From Rietveld, 26 we derived b ¼ 0:38 þ 0:02=ða À 0:10Þ which is not linear and therefore not applicable to Trinidad. Similar analyses of Gopinathan 27 and Gopinathan 28 
F. Summary
The five-year model, five-year dry and wet seasonal models, ten yearly models and twelve monthly models have been developed and evaluated and used to calculate global solar radiation in Trinidad with good accuracy for different time scales. It has been found that the five-year dry and wet seasonal models performed similarly to the five-year model and hence a single five-year model is suitable for predicting global solar radiation in Trinidad for any month of the year. Average daily and average total global solar radiation and number of sunshine hours were computed for the period 2001-2010 for the whole year, dry season, and wet season, as shown in Table V .
The ten yearly and the twelve monthly models were used in establishing linear relationships between the Angstr€ om-Prescott regression coefficients for a ten-year and one-year time scale.
V. CONCLUSION
Many solar energy applications require monthly average daily global solar radiation and average daily global solar radiation data to determine optimal system design. It is therefore of paramount importance that models to predict global solar radiation on different time scales be developed for use in solar energy applications. In Trinidad, data for sunshine hours are readily available from the Trinidad and Tobago Meteorological Services and therefore empirical Angstr€ om-Prescott models based on sunshine hours were developed and validated for different time scales. These models were: a five-year model, five-year dry and wet seasonal models, ten yearly models, and twelve five-year monthly models.
The regression coefficients, ða, bÞ for the five-year, dry season, and wet season models were found to be (0.21, 0.38), (0.21, 0.38), and (0.27, 0.28), respectively. The dry and wet seasonal models performed similarly to the five-year model and hence a single five-year model is suitable for predicting global solar radiation in Trinidad for any month of the year. For the ten yearly models, a and b varied over the ranges 0.15-0.31 and 0.22-0.48, respectively. For the monthly models, a and b varied over the ranges 0.19-0.37 and 0.14-0.42, respectively. Regression analysis of the coefficients from the ten yearly models and from the twelve monthly models established linear relationships between b and a. Statistical test parameters: MBE, MPE, RMSE, r, NSE, and p-values were applied to all the models and the statistical analysis confirmed their applicability to Trinidad.
Finally, the average daily global solar radiation, average total global solar radiation, average daily number of sunshine hours, and average total number of sunshine hours were determined as: 16 , and 2792683 h, respectively, for the whole year.
